Abstract. Bio-based thermoplastic elastomers (TPE) containing natural rubber and poly(lactic acid) were prepared by melt blending in an internal mixer. The blend ratio was 60% of natural rubber and 40% of poly(lactic acid). Dynamic vulcanization of natural rubber was performed with the sulfur system. The 2 mm -thick sheet samples were prepared by compression molding. The objective of this study was to investigate the effect of plasticization of PLA on the mechanical and physical properties of the derived TPE. Four plasticizers were selected: tributyl acetyl citrate (TBAC), tributyl citrate (TBC), glycerol triacetate (GTA), and triethyl-2-acetyl citrate (TEAC). The investigated properties were the tensile properties, tear strength, thermal ageing and ozone resistance, hardness, resilience, tension set and compression set. All plasticizers increased the strain at break. TBAC and TBC increased the stress at break. All plasticizers decreased the tear strength, hardness and resilience, and slightly changed the tension and compression set. TBAC seemed to be the best plasticizer for the TPE. The presence of 4 pph (parts per hundred resin) of plasticizer provided the highest strength and tensile toughness and the strain at break increased with the increasing plasticizer content. The plasticizers decreased the T g and T cc of the PLA and did not affect the degree of crystallinity of PLA in the TPE.
Introduction
Bio-based polymers have recently been receiving much attention. These polymers or their monomers are derived from renewable resources and they could be biodegradable or non-biodegradable. Poly (lactic acid) or PLA is a well-known biodegradable, bio-based polymer. It has been widely used as a commodity plastic over past years. Lactic acid is the monomer for PLA and is derived from normal microbial fermentation process mainly from natural carbohydrates such as sugar or starch. Natural rubber (NR) is perhaps the oldest bio-polymer used for more than one hundred years. Although NR is mainly derived from the Hevea Rubber tree, it is not readily biodegradable. Research on the biodegradation of NR is being conducted by our research group. Recently, there was an article that reported the biodegradation of latex gloves prepared from vulcanized NR [1] . Thus a polymer blend between PLA and NR is interesting because this polymer blend is a totally bio-based polymer. Due to the brittleness of PLA, NR is used as a toughening agent for PLA [2] [3] [4] [5] [6] . PLA/NR blends in other forms have not been reported except from our group and we have reported on a thermoplastic natural rubber prepared from PLA and NR [7] . A thermoplastic elastomer (TPE) is an interesting polymer. It shows elastomeric properties at room temperature and can be processed as a typical thermoplastic in the melting state. TPEs could be classified into 3 types based on preparation methods or chemical structure: (1) a triblock copolymer, (2) a thermoplastic polyurethane and (3) a polymer blend between thermoplastic and elastomer. When NR is used as the elastomer phase in type 3, this TPE is referred to as thermoplastic natural rubber (TPNR) or NR-based TPE. Generally, a typical thermoplastic has been made from polypropylene, polyethylene and polyamide and the elastomer phase has varied. In order to activate or accelerate biodegradation of NR-based TPE, a biodegradable plastic such as PLA should be employed. There are lots of publications of TPE and TPNR, but there has been no publication of a TPE prepared from a blend of PLA and NR except for the one publication [7] . This TPE could be referred to as a bio-based TPE. Generally NR in a TPE must be vulcanized during mechanical blending with the thermoplastic in order to obtain dispersed NR particles. It is still questionable that NR may be biodegradable because its backbone consists of only carbon-carbon double bonds and does not have ester linkages. Furthermore, a vulcanized NR might be more difficult to degrade due to it being crosslinked molecules. Our group is seeking to isolate some microorganisms with the potential to rapidly degrade NR and vulcanized NR. We believe that perhaps a PLA/NR bio-based TPE would be a polymer with a high possibility for biodegradation. Such a TPE would be useful for many applications. Biodegradation would perhaps first occur by removal of the PLA, then, hopefully, some microorganisms could attack the restructured NR phase. A TPE made from PLA blended with NR shows a relatively low strain at break, i.e., less than 300%, because the PLA is a brittle plastic. The strain at break of PLA is ~5%. The conventional TPE is made from a ductile plastic such as polypropylene, polyethylene or nylon. As a result, its strain at break is higher than the TPE prepared from PLA. In order to increase the strain at break, modification of NR and PLA has been considered. It has been established that mastication of NR increases the strain at break of TPE [7] . The second approach was modifications to PLA. It was assumed that a ductile PLA could increase the strain at break of TPE because PLA exists as a continuous phase. A simple method for increasing the ductility of PLA is plasticization and there are many known plasticizers of PLA such as tributyl citrate (TBC) [8] [9] [10] [11] [12] [13] , tributyl acetyl citrate (TBAC) [8, 9, [13] [14] [15] , triacetin or glycerol triacetate (GTA) [9, 11, 16] and triethyl acetyl citrate (TEAC) [8, 9, 17] . The objective of this study was to investigate the effect of plasticizers incorporated into PLA on the mechanical and physical properties of the PLA/NR TPE. Four plasticizers were selected including TBC, TEBC, TEAC and GTA. The effect of the plasticizer content was also evaluated. The characterization of TPEs was carried out by scanning electron microscopy, differential scanning calorimetry and dynamic mechanical thermal analysis. Table 1 .
Sample preparation
Melt blending was carried out in an internal mixer (Brabender ® Mixer 350E, Duisburg, Germany) with a rotor speed of 100 rpm at 155°C. The ratio between the PLA and NR was 40:60 by weight. The plasticizer was weighted according to parts per 100 parts of the blend (pph). The content of the curatives was based on the NR. NR was primarily loaded and masticated for 1 min before adding the PLA. The plasticizer was mixed with PLA before being loaded into the internal mixer. Curatives were added at the last step when a constant torque was obtained after adding PLA. The residence time in the internal mixer was 420-600 s. Compression molding was carried out (Kao Tieh (KT7014), Taipei, Taiwan) at 155°C under a pressure of 0.3 kg/m 2 for 420 s followed by a pressing at room temperature for 600 s to obtain a 2 mm thick sheet. The blends were kept in a desiccator before testing.
Testing of physical properties
All physical properties including the tensile properties, tear strength, tension set, compression set, thermal ageing and ozone resistance, hardness and resilience were carried out according to the ASTM listed in Table 2 . The tensile properties, tear resistance and tension set were tested at a crosshead speed of 500 mm/min. The thermal ageing and ozone resistance were reported in terms of changes in the tensile properties after testing. The thermal aging resistance test was performed at 70°C for 7 days. The ozone exposure was carried out under a concentration of 50 parts per hundred million (pphm) at 40°C for 6 h. The percentage change (!) in the tensile properties (the tensile strength and the strain at break) was calculated according to Equation (1): (1) where O was the original value, and A was the value after ageing by heat or ozone. Increases are indicated as positive and decreases as negative. The tension set and the compression set were calculated according to Equations (2) and (3), respectively:
where L 0T was the initial length (20 mm) before testing and L 1T was the length after testing. For the compression set test, T 0C was the initial thickness of the specimen (12.5 mm), T 1C was the specimen thickness after testing and T 2C was the thickness of a test bar (9.4 mm).
Material characterizations
Thermal analysis was conducted using a differential scanning calorimeter (DSC) (Perkin Elmer ® DSC7, Norwalk, CT, USA) in a nitrogen atmosphere. The samples were heated from 30 to 100°C at a heating rate of 10°C/min. The heat of fusion of the pure crystalline PLLA (!H c ) was 93 J/g [2] . A Rheometric Scientific ® DMTA V (Piscataway, NJ, USA) was used for determination of the dynamic mechanical thermal analysis (DMTA) under the following condition: frequency 1 Hz, heating rate 3°C/min, strain 
. Mechanical properties of bio-based TPE
In this section the plasticizer content was 4 pph. The tensile properties were the main criterion used to determine the effect of the plasticizer type on the mechanical properties of the present bio-based TPE. The stress-strain curves of TPEs with and without plasticizer are shown in Figure 2 . Their tensile behavior looked similar to a typical thermoplastic elastomer such as a poly(styrene-isoprene-styrene) block copolymer [18] , poly(styrene-butadiene/butylene-styrene) block copolymer [19] , silicone rubber [20] , PE/nitrile rubber TPE [21] and nylon-6/EPDM TPE [22] . The tensile strength or the stress at break and the strain at break of all TPEs are displayed in Figure 3 . The TBAC and TBC increased the stress at break of TPE whereas the GTA decreased this property. TEAC had no effect on the stress at break of TPE. All plasticizers increased the strain at break. According to theory, plasticization causes a lower glass transition temperature (T g ) of the polymer matrix leading to an increase in flexibility and ductility. This was the reason for the enhancement of the strain at break. All plasticizers, except GTA, increased the tensile toughness of the TPE as indicated by the area under each stress-strain curve. TBAC, TBC and TEAC showed a high promise for increasing the tensile properties of TPE. According to Ljunberg and Wesslen [9] the solubility parameter of PLA was 20. 1/2 [8, 9] . It should be noted that the solubility parameters of PLA and all plasticizers were in the same range. There is a contradiction in ranking of the solubility parameters of these plasticizers. They could be ranked as TEAC (19.6 
) [9] . The solubility of NR was lower than that of PLA and plasticizers, whereas the solubility of PLA and plasticizers were almost in the same range. This indicated that PLA should interact with plasticizers more than NR. The smallest solubility parameter of TBAC may result in the lower strain at break compared to the TPE containing TEAC and TBC. However, the rank of these solubility parameters cannot explain the lowest tensile properties of the TPE containing GTA. There are two possibilities that should be considered. Firstly, the plasticization effect of these plasticizers in TPE may not be straightforward because TPE was a polymer blend. The presence of the NR phase and the curing agents may interfere with the plasticization efficiency of the plasticizer. Secondly, the lowest molecular weight of GTA may cause the lowest intermolecular attraction of PLA leading to the lowest tensile strength and strain. The increment of the stress at break due to the plasticizer could be explained in view of the strain hardening of the plasticized PLA matrix as shown in Figure 2 . A higher ductility and higher stress at break was obtained. GTA seemed to be the least effective plasticizer for TPE based on the tensile properties. All plasticizers decreased the tear strength as shown in Figure 4 . The plasticized PLA was softer and its intermolecular attraction was reduced because of the penetration of the plasticizer molecules into the PLA matrix. This was attributed to a decrease in the tear strength when adding the plasticizer. Table 3 represents the effect of the plasticizers on other physical properties of the TPE. Plasticization decreased the hardness Shore A and the resilience of TPE. There was no doubt that the lower hardness of TPE was derived by adding a plasticizer to the PLA matrix. The TPE containing TEAC showed a slight decrease in the hardness and that containing TBC showed a maximum decrease. Resilience is an interesting property of the elastomer. It indicates the ability of a build-up of heat or the damping characteristic of the elastomer. The lower resilience implied that TPE was able to absorb more energy. The increase in flexibility of the molecular backbone of PLA arising from the plasticization was attributed to more energy absorption. However, it is not acceptable to draw the conclusion that a high or low hardness/resilience is better because it depends on the applications for which it will be used. The tension set and compression set are physical properties that predict the elastomeric behavior of polymers. Both properties are a sign of the permanent or plastic deformations after tension or compression. Therefore, a low value is favorable for an elastomeric material. In the present study, the sample without plasticizer was used as a reference. An unchanged or lower value was the target. Based on this requirement, only TBAC was suitable for the present TPE. Remarkably, GTA increased the tension set of TPE while the other plasticizers decreased this property. This result indicated that GTA was not suitable for the present TPE. Changes in the tensile properties after thermal and ozone ageing of TPE are tabulated in Table 4 . These properties are important for polymers, especially for NR because its carbon-carbon double bond (C=C) is easily attacked by ozone. In theory there are two major types of molecular mechanisms occurring in polymeric molecules during thermal and ozone ageing: chain scission and crosslinking. It was not the aim of the present study to identify the degradation mechanisms. It was our objective to obtain the minimum change in both the positive and negative value. Although a positive value means an increase in the property, an increased value may not be desirable. Therefore, the least change in view of the absolute value compared with the TPE without plasticizer was considered. TBAC was the best plasticizer for thermal ageing and ozone resistance. Concern- ing the resistance to thermal ageing, the change in the strain at break of the TBAC-sample was similar to that of the None-sample and its stress at break was decreased by less than 10%. All plasticizers led to a reduction in the stress at break in the range of -25 to -32% after ozone exposure. The TBAC-sample showed the least change in the strain at break (-6%) whereas the other samples had high reduction values such as -27 or -84%. Consequently, TBAC seemed to be the best plasticizer for the present TPE in terms of the mechanical properties of the TPE. All plasticizers used in the present study had been already selected because they were known for their ability to plasticize PLA. The effect of these plasticizers on the transition temperature of PLA in the TPE was also established as described in the following section. Although these plasticizers did not affect the transition temperature of NR, their effect on the mechanical properties of NR in terms of the lubrication effect was also considered. The TPE in the present study was complex because there were two polymeric phases. Thus, the affinity between a plasticizer and each polymer (PLA and NR) and any interactions between the plasticizer and the curatives were our concern. This consideration needs to be studied in detail but it was not in the scope of the present study.
Characteristics of bio-based TPE
TPE behaves like an elastomer at room temperature and it can be melted like a thermoplastic. Therefore, TPE is widely used in the products need some rubber elasticity and can be thermally recycled or processed with thermoplastic equipment. The characteristics of TPE made from a polymer blend are primarily controlled by the blend morphology. Normally the plastic content is less than the rubber content for the preparation of TPE in order to receive the rubber characteristic. Theoretically the major component becomes a continuous phase in the polymer blend. In order to make a phase inversion in the present study, NR which was the major component became the dispersed phase by a dynamic vulcanization where NR became vulcanized during blending with PLA. Figure 5 confirmed the occurrence of the dynamic vulcanization. Dispersed NR particles were observed in the sample etched with dimethyl formamide, a good solvent for PLA and a non-solvent of NR (Figure 5a ). Figure 5b represents the SEM micrograph of the sample etched with petroleum ether, a good solvent of NR. The continuous phase of PLA was remarkable and some crosslinked NR particles that were unable to be dissolved were also observed. Actually we also did a preliminary test to investigate the vulcanization of NR itself in the internal mixer. NR was able to undergo vulcanization under this blending condition. Furthermore, we had already determined the recyclability of the TPE, i.e., its ability to return to its original form (not shown here). The thermal properties of TPE investigated by DSC are demonstrated in Figure 6 . DSC thermograms were recorded from the first heating scan. A double melting peak of PLA was observed that was similar to the blend of PLA containing 10% of NR [2, 3] . Their glass transition temperature (T g ), cold crystallization temperature (T cc ) and melting temperatures Table 5 . All plasticizers significantly decreased the T g and T cc of PLA, and GTA showed the most effectiveness in plasticization because it produced the lowest T g and T cc . Only GTA seemed to influence the T m of the PLA whereas the others showed only a slight decrease in the T m . The degree of crystallinity of PLA did not change due to the plasticization, and their degree of crystallinity was in the range of 21-22%. The plasticizers enhanced the chain flexibility of PLA resulting in a faster cold crystallization process (lower T cc ). It was assumed that the cold crystallization contributed to the double melting peak. The lower melting peak belonged to the crystals from the cold crystallization process. The higher one was from the original crystals derived from the sample preparation. The significant drop in T m by GTA implied the presence of smaller sized crystals or more defects in the crystals but the degree of crystallinity remained constant. It is generally known that short chain polymer can crystallize faster than long chain polymer but the crystals containing more chain ends in the crystalline structure could be a defect in its crystal and resulted in low T m . The tension set in Table 2 was also evidence indicating more plastic deformation caused by the short chain PLA in the TPE containing GTA. This might have an impact on the low tensile strength of this TPE as well. It seemed that the molecular weight of the plasticizers had a strong effect on the T g and T cc of PLA. The lower the molecular weight of the plasticizer, the lower was the T g and T cc of the PLA. The lowest T g of the TPE containing GTA may contribute to the lowest tensile strength and strain at break of the TPE. Figure 7 exemplifies the temperature dependence of the loss tangent (tan !) of the TPEs derived from DMTA. All TPEs showed two remarkable # transition temperatures that were equivalent to the T g of NR and PLA and are listed in Table 4 . Pure PLA had a T g of 79.6°C and was in the same range as the T g of PLA in the TPE without plasticizers (78.7°C).
The T g of the PLA phase in the TPE was much decreased by plasticization. In a similar observation to the DSC result, GTA yielded the lowest T g of PLA.
Although GTA provided the lowest T g it did not provide better mechanical properties than other plasticizers. As a result, from the present study GTA was not the best plasticizer. The T g of the NR phase did not change significantly. It showed a broad peak and the temperature was in the range of -56 to -52°C. This result substantiated the assumption that the plasticizers did not affect the thermal transition of NR. Obviously, the plasticizers increased the tan ! of the PLA phase and decreased that of NR phase. This behavior was related to the molecular weight of the plasticizers. The lower molecular weight pro- Figure 6 . DSC thermograms of TPE with and without plasticizer vided more changes. It should be noted that the PLA phase in TPE showed another transition temperature above its # transition (T g ) and this transition temperature shifted to a lower temperature after plasticization. This transition has also been seen in the PLA blended with 10% NR [2] . It might be involved with the cold crystallization process.
Effect of the plasticizer content
In this section, two plasticizers were selected for determination of the effect of the plasticizer content. TBAC was used because it provided the best properties. TBC was used for a cross check of the optimal content. Figure 8 shows the effect of the plasticizer content on the stress-strain curve of TPE and the mechanical properties of these TPEs are listed in Table 6 . Obviously, 4 pph was the optimal content for both plasticizers. The strain at break of TPE increased with the increasing TBAC content. The modulus at 300% (E 300% ) or the stress at 300% strain appeared at a TBAC content $6 pph. The area under the stress-strain curve could be used to predict the energy absorbed for the material failure and designated as the tensile toughness. The 4 pph of TBAC provided the maximum tensile toughness and the maximum tear strength. The hardness of the TPE decreased with any further increase of the TBAC content while the resilience decreased when the TBAC content $6 pph ( Table 7) . The TBAC content did not show any significant effect on the tension set and the compression set of TPE. Although the 4 pph of TBAC provided the maximum strength and tensile toughness, it also produced the lowest strain at break. The 6-8 pph of TBAC would be appropriate for applications requiring E 300% . The effect of TBC on the tensile behavior of TPE was different from that of the TBAC. Deplasticization may occur in the sample containing 2 pph and this may have caused the lower tensile properties. The strain at break increased with the increasing TBC content, except at 4 and 6 pph when the values were the same. The stress at break was highest at 4 pph and, then, decreased with the increasing TBC content. Table 7 . The effect of the TBAC content on the physical properties of TPE It required a greater quantity of TBC than TBAC to obtain the strain at break >300%. The 2 pph of TBC slightly changed the hardness and resilience of TPE. These properties were decreased slightly and tended to be in the same range when the TBC content increased ( Table 8 ). The TBC content also had a slight effect on the tension set and the compression set of TPE.
The experimental results indicated that the 4 pph of plasticizer offered the strongest and toughest TPE. Due to a variety of possible TPE applications, the specification of the mechanical and physical properties should be based on the product applications.
For that reason, the plasticizer content could be $4 pph depending on the product specification.
Conclusions
A bio-based thermoplastic elastomer from PLA blended with NR was developed. Dynamic vulcanization took place during the melt blending and this was attributed to the phase inversion in the polymer blends. Thus the blends behaved as an elastomer in view of their mechanical and physical properties and as a thermoplastic due to their recyclability. Plasticization of PLA produced significant effects on the mechanical and physical properties of the TPE. It was required to plasticize PLA in order to obtain the modulus at 300% (E 300% ). All plasticizers increased the strain at break of TPE. The tensile strength of TPE, except for the one containing glyceral triacetate (GTA), also increased after plasticization. Changes in the mechanical and physical properties of TPE depended on the plasticizer type. Solubility parameter and molecular weight of plasticizers played a role on the tensile properties and transition temperature of TPE. The presence of plasticizer decreased the hardness, the resilience and the tear strength of TPE because of the increase in chain mobility/flexibility of PLA. Tributyl acetyl citrate (TBAC) was the best plasticizer used in the present study. The appropriate plasticizer content should be $4 pph depending on the desired properties.
